Mycobacterium tuberculosis (Mt) F 1 F 0 ATP synthase (a 3 :b 3 :c:d:e:a:b:b 0 :c 9 ) is essential for the viability of growing and nongrowing persister cells of the pathogen. Here, we present the first NMR solution structure of Mte, revealing an N-terminal b-barrel domain (NTD) and a C-terminal domain (CTD) composed of a helix-loop-helix with helix 1 and -2 being shorter compared to their counterparts in other bacteria. The C-terminal amino acids are oriented toward the NTD, forming a domain-domain interface between the NTD and CTD. The Mte structure provides a novel mechanistic model of coupling cring-and e rotation via a patch of hydrophobic residues in the NTD and residues of the CTD to the bottom of the catalytic a 3 b 3 -headpiece. To test our model, genome site-directed mutagenesis was employed to introduce amino acid changes in these two parts of the epsilon subunit. Inverted vesicle assays show that these mutations caused an increase in ATP hydrolysis activity and a reduction in ATP synthesis. The structural and enzymatic data are discussed in light of the transition mechanism of a compact and extended state of Mte, which provides the inhibitory effects of this coupling subunit inside the rotary engine. Finally, the employment of these data with molecular docking shed light into the second binding site of the drug Bedaquiline.
Introduction
The mycobacterial F 1 F 0 ATP synthase is composed of a water soluble F 1 complex with the subunit stoichiometry of a 3 :b 3 :c:d:e and a membrane-embedded F 0 complex (subunits a:b:b 0 :c 9 ) (Fig. 1A) . The F 1 part contains three catalytic ab-pairs that form an a 3 b 3 hexamer, in which ATP-synthesis or -hydrolysis takes place. This catalytic a 3 b 3 -headpiece is linked with the ion-pumping F 0 part via the two rotating central stalk subunits c and e, as well as the peripheral stalk subunits b, b 0 and d [1] . In the membrane-embedded F 0 domain, subunit a and the N-termini of subunits b and b 0 form a helix bundle adjacent to the c 9 -ring [2] , providing the structural base for a two half-channel mechanism for the generation of rotation within the membrane [3, 4] . Each of the nine subunit c's form a helix-loop-helix structure [2] , where the loop docks to the bottom of the N-terminal domain (eNTD) of subunit e and the globular domain of c (Fig. 1A , inset), which both rotate and enable the coupling to the F 1 portion to transfer torque, derived by ion transport, to the catalytic a 3 b 3 -headpiece [5] .
Because of the physiological role of e in regulating the F-ATP synthase, bacteria show variations in length and composition of the amino acid sequence, especially at the C-terminal domain (eCTD) (Fig. 1B) [6] . This was also revealed by the shorter C-terminal region of the Mycobacterium tuberculosis e (Mte) compared to the Escherichia coli (Ece) form, which was described to be essential for enzymatic activity [7] , coupling [8, 9] , and modulation of nucleotide specificity in the catalytic sites [5, 10] . As shown for the longer EceCTD, this domain can either sit on top of the eNTD (Fig. 1A) , called the compact state (e c ) [11] [12] [13] [14] , or the eCTD can be extended (e e ) [7, [15] [16] [17] , causing enzymatic inhibition. So far the solution shape of Mte (121 amino acids), derived from small angle X-ray scattering data, and the NMR structure of its very C-terminal region (amino acids) 103 DPRIAARGRARLRAVGAI 120 have been described [6] . In vitro [6] and in vivo experiments [18] revealed that the new tuberculosis diarylquinoline drug, Bedaquiline (BDQ; trade name Sirturo, code names TMC207 and R207910) [19, 20] , which effectively binds to the c-ring [2] , interacts also with the mycobacterial e subunit and that this binding occurs close to the W16 residue of the protein [6, 18] .
In this study, we have employed a complementary approach of NMR spectroscopy, enzymatic assays, recombineering, and molecular docking to describe the first solution NMR structure of Mte, which provides a novel mechanistic model of coupling c-ringand e rotation via the eNTD residues I15, W16, L61, R62, I63, F86, and the eCTD residues E87, S88, E89, I90, D91, A112, A116, V117, and R113 to the catalytic a 3 b 3 -headpiece. Substitution of amino acid W16 caused a significant reduction in ATP synthesis and an increase in ATP hydrolysis. The structural and enzymatic data are discussed in light of the transition mechanism of the e c -and e e states. We also demonstrate that the unique eCTD of Mte is at least one of the regulatory elements inside mycobacterial F-ATP synthases that affects ATP synthesis andhydrolysis. Removal of the last C-terminal residue (D121) of Mte was found to increase the rate of ATP cleavage and to decrease ATP synthesis. Together with molecular docking, these data shed light into the binding of BDQ to Mte and finally provides a platform to develop the next generation of diarylquinolines.
Results
Solution structure of the subunit e of M. tuberculosis F-ATP synthase A high quality 2D The structural model of the mycobacterial F-ATP synthase was generated based on the cryo-EM model of E. coli F-ATP synthase (PDB ID: 5T4O; [17] ). Subunits a (orange) and b (green) form the static hexameric catalytic part. Subunit c (yellow) has a unique c-loop in case of the mycobacterial one which is highlighted in red. The extended e subunit (blue) of E. coli reaches in to the catalytic subunit. The compact e (PDB ID: 1AQT) is shown in magenta. The c-ring loop residues of Mycobacterium phlei (wheat; [2] ; PDB ID: 4V1G), proposed to interact with the rotating e and c stalks subunits are indicated. The subunits a, b, b 0 , and d are shown in the red, light blue, and purple respectively. The dimer of subunit b was constructed into the EM map based on the NMR structure of the transmembrane domain b 1-34 (PDB ID: 1B9U; [53] ), NMR structure of b (PDB ID: 2KHK; [54] ) and the crystal structure of b 62-122 (PDB ID: 1L2P; [55] ) with additional de novo modeling for the remaining residues. Based on operon studies it was proposed that one of the mycobacterial b-subunits is fused to subunit d, which is represented as transparent cylinder. (B) Sequence alignment of F-ATP synthase subunit e from various Mycobacterium species with the ones of E. coli and G. stearothermophilus. The sequence was aligned with Clustalw and visualized using JALVIEW 2.10. [56] .
Mte was determined based on a total of 2533 NMRderived distance restraints and 185 dihedral angle restraints (Fig. 2) . The ensemble of 19 low-energy structures and restrained energy minimized (REM) average structure is shown in Fig. 2A (Fig. 2C,D) . The structural statistics for the NMR ensemble are given in Table 1 . There are no distance violations greater than 0.5 A or dihedral angle violations greater than 5°. Analysis of restrained energy minimized structure using PROCHECK-NMR showed that 76.7% and 21.5% of the residues lie in the most favored and allowed regions respectively. The overall topology of Mte reveals a well conserved b-barrel for the NTD and a helix-loop-helix fold for the CTD. Both domains are connected by a short linker segment formed by the amino acids S88-E89, which was similar to the overall domain arrangement determined for subunit e of other bacterial F-ATP synthases [11] [12] [13] [14] . The overall RMSD values between Mte and its E. coli counterpart, Ece, are about 2.3 A for 96 backbone Ca. The N-terminus consists of the residues 1-87 and forms nine b-strands (Fig. 2B) . The CTD (residues 90-120) contains a helix a1 (E92-S101), and helix a2 (104-117), which are shorter compared to other bacterial counterpart [11] [12] [13] [14] . Both helices are connected by a short loop formed by residues D102-D103.
Importantly, amino acids A108 and A112 of the CTD are oriented to the NTD, forming a domaindomain interface between the NTD and CTD via the NTD residues D47, D48, and A49 (Fig. 3 ). These contacts are confirmed by observing a series of interdomain NOEs between the NTD and CTD from 1 H-15 N-NOESY-HSQC-and 1 H-
13
C-NOESY-HSQC spectra (Fig. 3A) . The methyl-side chains of A108 and A112 clearly show interdomain NOEs with residues located in the region including D47, D48, and A49 (Fig. 3B) . Additional interdomain NOEs were observed in residues of the NTD and CTD including V51, R62 A64, R109, R113, A116, and V117. Interestingly, R113, A116, and V117 also interact with E89 and I90, which are located on the connecting region between the NTD and CTD. These interactions also contribute to the stabilization of the domain-domain orientation. The very C-terminal residues G118-D121 do not directly participate in the interaction between the NTD and CTD, but interact with the residues in helix a2 such as L114-V117. Since the latter residues are directly involved in the interaction of the NTD-CTD and/or CTD-short linker region, amino acids G118-D121 contribute to the formation of the molecular interaction network.
In addition, a number of hydrophobic interactions and hydrogen bonds were observed in NOEs between the N-terminal residues A10-W16 with the epitopes L61-A64 and A81-I90 respectively. Interestingly, I15, W16, L61, I63, and F86 form a hydrophobic cleft (Fig. 4) , with W16 being involved in BDQ-binding to the mycobacterial F 1 sector [6, 18] . 
Dynamic properties of Mte
To study the internal motion and overall domain dynamics, 15 N relaxation data of Mte were measured (Fig. S2) . Most of the residues adopting regular secondary structure show heteronuclear NOE values close to the theoretical maximum (0.8-1.0). The average heteronuclear NOE value of Mte is about 0.8 and the profile of heteronuclear NOEs reveals that the secondary structural regions are relatively rigid. The calculated average order parameter (S 2 ) is about 0.91; More than 90% of the residues in Mte have order parameter S 2 values greater than 0.8 indicating that the protein in general is relatively rigid (Fig. S2) . The average tumbling correlation times (s c ) for residues in the entire Mte is about 13.7 ns, which is significantly larger than the estimated value (s c % 9.7 ns) calculated from HYDRONMR software [21] . The increased s c values might be caused by the presence of glycerol in the buffer, resulting in an increased viscosity of the NMR buffer. For MteNTD, the average s c of about 13.3 ns is significantly higher than the estimated value (s c % 6.6 ns). In addition, MteCTD shows a dramatic increase of the s c (about 14.0 ns), which is significantly higher than the estimated s c of about 2.9 ns. These results suggest that the rotational diffusion of both domains are strongly coupled and tumble together as a single globular protein in solution. The analysis of 15 N R2/R1 ratios confirms the strong correlation between both the NTD and CTD. The values of the R2/R1 ratio are distributed in similar values from 20 to 30 for most of the residues except for residues L4, A10, D12, N14, W16, A20, L41, V51, V53, L61-I63, D66-V72, V77, E85, I90, S101, R105-I106, and A108- Ramachandran analysis was performed using PROCHECK-NMR program [48] . V117. Residues with R2/R1 values being higher than standard deviation are shown in Fig. S2 . The higher R2/R1 values of W16 and L61-I63, which are part of the hydrophobic cleft and involved in BDQ-binding, suggest that they change the conformational equilibrium and become more ordered in the complex due to intermolecular interactions with the ligand. Interestingly, the residues A10, D12, and N14, located around W16, show also higher R2/R1 values than average. By contrast, the residues L4, L41, V51, V53, D66-V72, and V77 are not directly involved in any interdomain or protein-ligand interaction. However, it can be suggested that these residues form multiple hydrophobic and hydrophilic interactions, including hydrogen bonds with other residues, and thereby becoming more ordered in the overall MteNTD structure. The observed high R2/R1 values of amino acids E85 and I90, which are located in the connecting region between the NTD and CTD, may indicate that these residues are also involved in the interaction between the NTD and CTD. Interestingly, R105, I106, and R108-V117 of helix a2, which are involved in NTD-CTD contact via the residues of the short connecting loop and the NTD, showed relatively higher R2/R1 values than average (Figs S2 and S3). These data reflect that dynamic motion of these residues might be related to the interaction and communication between the NTD and CTD or may indicate structural rearrangement during the transition from a compact to an extended conformation of Mte. Furthermore, the calculated Rex-values (Fig. S2 ) support that the identified residues related to domain-domain contacts (E85, I90 and R105-V117) and BDQ-binding (W16, L61-I63) undergo motions in ls-ms time scale, indicating the presence of conformational exchange contributions for those residues. In conclusion, the 15 N relaxation data support the inter-domain interactions between the NTD and CTD, and provide information about the key residues related to the enzymatic mechanism and drug targeting.
Significance of amino acid W16 of Mte in ATP synthesis and -hydrolysis
To investigate whether the interaction of W16 with the epitopes L61-A64 and A81-I90 might be important in coupling rearrangements in the NTD with the C-terminal stretch R87-I90, the recently engineered Mycobacterium smegmatis F-ATP synthase mutant e(W16A) [18] was used for ATPase activity measurements. The effect of the substitution of W16 by alanine on ATP hydrolysis was investigated by inverted membrane vesicles (IMVs) of the fast growing M. smegmatis, whose F-ATP synthase shows a sequence homology of 85.8% with the M. tuberculosis F-ATP synthase. As demonstrated in Fig. 5A ,B, IMVs of the F-ATP synthase mutant e(W16A) revealed an ATP hydrolysis activity of 38.9 AE 0.26 nmol min À1 (mg total protein) À1 and a 9%
increase when compared to M. smegmatis wild type (WT) IMVs. The substitution also caused a reduction in ATP synthesis of 83% when compared to WT IMVs ( Fig. 5C ), indicating that W16 plays a role in coupling the events of F 0 rotation with ATP synthesis in the a 3 : b 3 -headpiece. Since ATPase activity increased in the mutant e(W16A), the drop of 83% in ATP formation cannot be attributed to the reduced amount of F-ATP synthases located in the e(W16A) mutant vesicles compared with that of the WT vesicles.
To determine whether ATP hydrolysis is coupled with proton-pumping, IMVs containing M. smegmatis WT F-ATP synthase were tested for proton pumping activity in the presence of the fluorescent dye 9-amino-6-chloro-2-methoxyacridine (ACMA). As shown in Fig. 5D , adding the substrate ATP to the assay containing IMVs resulted in no further reduction of fluorescence other than the typical slight ATP-induced signal quenching. The increase in fluorescence observed upon addition of the un-coupler SF6847 confirmed that the IMVs were intact and that the lack of ATP-dependent fluorescence quenching was not the result of leaky IMVs. These data correlate with recent results that showed that ATP hydrolysis catalyzed by the M. smegmatis F-ATP synthase is not coupled to proton-pumping [22, 23] . In comparison, addition of ATP to IMVs containing the F-ATP synthase mutant e(W16A) quenched ACMA fluorescence in a manner similar to the WT IMVs. Therefore, this indicates that the mutation does not alter the proton pumping activity.
As recently shown, the strain M. smegmatis atpC (W16A) displayed a growth behavior on Middlebrook 7H10 agar and in 7H9 broth (Becton Dickinson, Singapore) that was indistinguishable from the parental WT strain, revealing that the tryptophan to alanine substitution in the e subunit of the F-ATP synthase did not affect bacterial growth in rich media [18] . To address whether the intracellular ATP concentration is altered in the M. smegmatis atpC(W16A) strain, ATP content was measured and compared with M. smegmatis WT [24] . The ATP content/Colony forming unit (CFU) was found to be 4.6 AE 0.5 9 10 À18 molÁCFU
À1
for WT culture and 5.2 AE 0.5 9 10 À18 molÁCFU À1 for M. smegmatis atpC(W16A), showing that the intracellular ATP concentration in the mutant strain, cultivated in 7H9 media, did not change significantly. At this point of time we can only speculate, whether the fact that ADP and ATP are regulators of key enzymes of the glycolysis pathway and the Krebs cycle [25] , a drop in the ratio of ADP:ATP in the M. smegmatis atpC(W16A) strain could stimulate pyruvate formation and turnover of the Krebs cycle to form more NADH and ATP, thereby compensating the lower activity of the W16A F-ATP synthase mutant.
Effect of the conserved C-terminal residue D121 of Mte on enzymatic activities
Because of inter-domain contacts of the very C-terminal residues with the NTD described above, as well as the proposed interaction of the C-termini of the a 3 :b 3 -headpiece and e of the mycobacterial F-ATP synthases, the enzymatic effect of the last and conserved residue D121 of mycobacterial F-ATP synthase subunit e was investigated by designing the M. smegmatis F-ATP synthase mutant e 1-120 with the deletion of the last amino acid D121 (see Materials and methods). As demonstrated in Fig. 6A ,B, IMVs of the e 1-120 mutant revealed an ATP hydrolysis activity of 41 AE 1.5 nmol min À1 (mg total protein)
increase in ATP hydrolysis activity compared to the WT M. smegmatis IMVs). In parallel, the ATP synthesis activity of the e 1-120 mutant dropped by 65% in comparison to WT IMVs. Furthermore, the protonpumping activity assay in Fig. 5D revealed, that ATP hydrolysis catalyzed by the M. smegmatis F-ATP synthase mutant e 1-120 was also not coupled to proton-pumping. In order to understand whether the deletion of the C-terminal amino acid D121 may cause structural alterations inside the mycobacterial e subunit, the recombinant mutant Mte 1-120 was generated to perform NMR experiments. As shown by the overlay of the 2D 1 H-15 N HSQC spectra of recombinant Mte and mutant Mte (Fig. S1B ) changes of chemical shifts of the NTD residues D47-V51 and the CTD region L114-I120 were observed, with both epitopes being identified to provide the interaction of the NTD and CTD (see above).
To test whether the very C-terminal residue D121 can come in proximity to the C-terminal region of the nucleotide-binding subunit a or b, which includes the residues D, E, L, S, E, E, D ('DELSEED'-region), and whose motion contributes significantly to coupling [8] , the mutant Mte(D121C) was generated and reconstituted with the mechanistically well-understood a chi 3 b 3 c-complex [26] in which the subunit a of Geobacillus stearothermophilus (formerly Bacillus PS3 or TF 1 ) is replaced by the M. tuberculosis subunit a (Mta). Additionally, we engineered the cysteine into position S400 of the DELSEED region to generate the complex called (a chi -S400C) 3 b 3 c for crosslinking studies. Both (a chi -S400C) 3 b 3 c and Mte(D121C) (molar ratio of 1 : 3) were incubated for 1 h, followed by a 15 min incubation with 100 lM CuCl 2 , and applied on an SDS-gel after the addition of EDTA to chelate the excess of Cu 2+ . As shown in lane 2 of Fig. 6E , one major and two minor crosslinked products were observed above the band of subunit a. In comparison, these products were not formed by the DTT-treated protein (lane 1), and the band intensities of subunits a chi -S400C and Mte(D121C) were stronger compared to the crosslinked complex (lane 2). The band of the major product was cut out and incubated in the presence of 20 mM DTT before embedding in a second SDS-gel under reducing conditions. Figure 6E (right) demonstrates that this product is formed by a crosslinked product of a chi -S400C and Mte(D121C). The data revealed that C400 in a chi -S400C and C121 of Mte(D121C) formed the disulfide-bridge, which became cleaved after reduction. Lane 2 of Fig. 6E (left gel) shows a band (*) running slightly above the band of subunit c, which was resolved in the second dimension after DTT treatment, indicating a Mte(D121C)-dimer formation (Fig. 6E right gel) , which may be formed by the excess of recombinant Mte(D121C). Overall, these data confirmed that the CTD of Mte is able to extend and to come in proximity of the DEL-SEED-region of the nucleotide-binding subunit a.
Interaction of the TB drug BDQ with Mte
The presented solution structure enabled us to analyse the previously reported NMR titration data of 15 Nlabeled Mte with BDQ, to reveal the potential binding site of the drug [6] . Changes in chemical shift were observed for the backbone resonances of amino acids V11, D12, R13, I15, W16, V29, G30, L41, A43, L61, R62, and I120 (Fig. 7A) . These residues are either directly involved in the interaction with BDQ or . Fluorescence quenching of ACMA by WT IMVs was studied after the addition of a substrate (2 mM ATP (magenta, profile 4)) or 2 mM NADH (brown, profile 6). The uncoupler (SF6847) was added at the indicated time point to collapse the proton gradient. Fluorescence quenching of ACMA by IMVs of the eW16A mutant (green, profile 2) and e 1-120 (blue, profile 3) after addition of ATP in comparison to the IMVs of the recently described Dc166-179 mutant (red, profile 5) [23] . In the control experiment, buffer was added in place for substrate (gray, profile 1).
perturbations in their chemical shifts are affected indirectly by the interaction of Mte with the drug. In addition, 26 residues showed moderate changes of chemical shifts more than average Dd ppm (0.01 < Dd ppm < 0.025) including residues, S17, G18, T28, E31, G33, and I34 (Fig. 7) . Interestingly, the C-terminal residues D91, A95, S101, D102, D103, R109, R115, A119, and I120 showed changes in their chemical shifts after the binding of BDQ, reflecting alterations due to the interaction between NTD and CTD after drug-binding. Residues including T73, E74, V77, S78, L80, and S83 were also affected by drug binding, indicating that the overall conformational rearrangement is caused by BDQ-binding. The mapping of chemical shift perturbation (CSP) from the NMR titration onto the surface of Mte revealed two major patches, one composed of V11-G18 and a second one consisting of T28-L41 (Fig. 7B) .
To achieve a deeper insight into the BDQ-binding, structure-based docking was performed between Mte and BDQ using AutoDock vina [27] . The region surrounding the hydrophobic patch was chosen as the binding site including W16, whose substitution to an alanine altered BDQ susceptibility in vivo [18] . Furthermore, using intrinsic tryptophan fluorescence of W16, it was demonstrated that BDQ binds to the recombinant Mte with a dissociation constant K d of 19.1 lM [6] . The top scoring model had a theoretical binding affinity of À5.8 kcalÁmol À1 and an estimated inhibition constant K i of 50 lM (Fig. 8A,B) . The quinoline moiety of BDQ sits in the pocket created by R13 and F86 and makes hydrogen bonding interaction with R13 and, also has hydrophobic interaction with A84. The naphthalene moiety has an offset face to face stacked interaction with W16 and is also stabilized by the hydrophobic interactions with S17. The phenylgroup of BDQ participates in the offset face to face stacked interaction with W16, and edge-face aromatic interaction with F86. The nitrogen in the dimethylamino-group faces the solvent region and has hydrogen bonding interaction with N14. The hydroxyl group in the butanol-group is involved in hydrogen bonding interaction with I15. The multitude of aromatic, hydrophobic and hydrogen bonding interactions might explain the binding mode of Mte and BDQ.
Discussion
The presented NMR structure of the 121 residues in Mte revealed that the protein in an e c state with the well-conserved b-barrel of the NTD and the helixloop-helix fold of the CTD, connected by the linker (S88-E89; Fig. 1B ). The similarity of the solution Mte and the E. coli e- [12] structure is reflected by RMSD values of 1.9 A for the NTD and 2.3 A for the entire e, respectively. Although the CTD shows the typical helix-loop-helix fold, the two helices of MteCTD are significantly shorter compared to the one of the G. stearothermophilus (formerly Bacillus PS3) [13] and E. coli subunit e [11, 12] (Fig. 9A) . Residues D47, D48, and D49 of the MteNTD interact with the amino acids A108, R109, A112, and R113 of the second helix of MteCTD. In addition, residues E87-D91 interact with the amino acids A112-V117, thereby stabilizing the protein conformation in solution. The domain-domain contacts are nicely confirmed by the observation of a series of interdomain NOEs between the MteNTD and -CTD (Fig. 3) and by the 15 N relaxation data presented in Figs S2 and S3.
Fluorescence Energy Transfer (FRET) studies have indicated that the EceCTD shows both compact and extended (e e ) conformations in F 1 or in reconstituted F 0 F 1 in liposomes [28] . An e c was shown for the isolated bacterial subunit e structures [11] [12] [13] as well as in the F 1 -ATPase structure of Caldalkalibacillus thermarum [14] , and an e e state was determined in the E. coli and G. stearothermophilus F 1 -ATPase structure [7, 16] as well as the E. coli F 1 F 0 ATP synthase [17] . In the e e state, the CTD of E. coli and G. stearothermophilus e has a similar total length of 67 A but a different arrangement of the two helices relative to each other (Fig. 9B) [7, 16, 17] . Helix 2 in the e e state interacts with the subunits a, b, and c (Fig. 1) [7, 16, 17] . It has been demonstrated that Ece increases the duration time of the inhibited state [29] and lowers the F 1 rotation rate by increasing the duration of the catalytic and/or ATP binding dwell, which is mainly caused by helix 2, with minor contribution of helix 1 [5, 29] . The loop, connecting helix 1 and -2 of Ece, is shown to interact with the 'DELSEED'-sequence of the catalytic subunit b, whose motion contributes significantly to the angular velocity of ATPase-dependent rotation [30] . In comparison, a model of the extended MteCTD reveals that this domain with a total length of 42 A would be much shorter than the E. coli and G. stearothermophilus counterparts (Fig. 9B) . When superimposed onto the G. stearothermophilus F 1 -ATPase structure (PDB ID: 4XD7 [16] , the modeled extended eCTD of Mte would be too short to reach into the upper region of the catalytic a 3 :b 3 -headpiece (Fig. 9C) . At this orientation, helix-2 of MteCTD comes in close proximity to the so-called C-terminal 'DELSEED'-region of two of the a-subunits. The very C-terminal residue D121 might interact with one of the a-subunits, as demonstrated by the crosslink of the mutant Mte(D121C) and a(S400C) (Fig. 6E) . In addition, R115 of helix a2 comes in close proximity with the 'DELSEED'-region of the a-subunit (Fig. 9C) . R113 in helix a2 is proposed to interact with another a-subunit via amino acid V117 and contributing to an interaction with the 'DELSEED'-region (Fig. 9C) . Interestingly, R113, R115, and V117 of Mte showed high R2/R1 values (Fig. S2) . Similarly, two b subunits may interact with helix a2 of Mte. These interactions of Mte with the C-termini of a-b would provide sufficient contact to inhibit movement of the critical Ctermini and thereby ATP hydrolysis inside the catalytic a 3 :b 3 -headpiece. Such interactions would be disrupted in the case of IMVs of the e 1-120 mutant, resulting in an ATP hydrolysis increase of 13% (Fig. 7B) . This inhibitory effect in ATP hydrolysis due to the mycobacterial subunit e would be in line with trypsin proteolysis treatment of IMVs from M. smegmatis, proposed to cleave subunit e, which resulted in ATP hydrolysis stimulation [22] .
The novel Mte solution structure reveals also a number of hydrophobic interactions and hydrogen bonds between the N-terminal residues A10-W16 with the epitopes L61-A64 and A81-I90 respectively (Fig. 4) . Such network would provide an ideal communication between the NTD and CTD of Mte. The high identity of subunit arrangement of the rotary subunit c, e and c inside bacterial F-ATP synthase enables the generation of a structural model (Fig. 9C) with the atomic structure of the mycobacterial c-ring [2] and the NMR structure of Mte (Fig. 9C) , which indicates that the c-loop residues R45, Q46, and E48 with the amino acids F24 and K21 of the MteNTD, respectively, would come in close proximity. We hypothesize that rotation of the cring derived by ion transport would affect at least in part the interaction between those residues of the c-ring loop and the residues at the bottom of MteNTD. Like in a spring, the interaction of the epitopes formed by residues V51-V53, L61-A64, I8-A10, and D12-N14, would translate the coupling events between the c-ring and the amino acids at the bottom of the MteNTD, which than become coupled to the epitope of amino acids A81-I90 that is closer to MteCTD (Fig. 9C right  inset) . Here, residue F86 of the MteNTD and E87-I90 of the MteCTD form a hinge region, which would allow up-and down movements of the CTD (Fig. 9C) . Because of the interdomain NOEs between the chains of A108 and A112 with D47-A49 (Fig. 3) , the conformational alterations inside V51-V53, L61-A64, I8-A10, and D12-N14 will be transferred to the entire CTD, affecting its interaction with the CTD and in addition to the hinge region to regulate the up-and down movements (Fig. 9C ). Such a model would explain the need for the specific arrangement of the CTD relative to the NTD of Mte described above.
Furthermore, the importance of the A10-W16 epitope was confirmed by the 9% increase in ATPase hydrolysis of IMVs, including the F-ATP synthase mutant e(W16A) (Fig. 5B) and in particular the inhibition of ATP synthesis by 83% (Fig. 5C ), reflecting that W16 with its very high R2/R1 value and the hydrophobic patch of Mte plays a pivotal role in coupling the events of F 0 rotation with ATP synthesis via the eNTD to the eCTD and finally up to the DEL-SEED-region of the catalytic a 3 :b 3 -domain. It is noteworthy that the deletion in the F-ATP synthase mutant e 1-120 inhibited ATP synthesis by 65%, an effect which is similar to the truncation of the five Cterminal e-hook residues of Ece, which significantly increased the inhibition of ATP synthesis and reduced the capacity for cell growth on a nonfermentable carbon source [31] . However, an effect of the e 1-120 mutant on M. smegmatis growth could not be observed in rich media (Fig. 7D) . This is in line with recent observations of deletion mutants of the C-terminus (Da 514-549 ) and the novel loop region (Dc166-179) of the mycobacterial ɑ and c subunit, respectively (Dc166-179), both resulting in significant reduction in ATP synthesis but without major differences in cell growth compared to WT [23, 26] . As pointed out above, in rich media glucose provides the bacterium with sufficient carbohydrates, increasing the metabolic flux through the Krebs cycle, and generating higher yields of NADH and ATP. The increased NADH and ATP production could compensate for the lower F-ATP synthase-mediated ATP synthesis [25] , thereby having no observable effect on growth.
Additional factors of altering the e c to the e e state are still a debate. Like for the soluble G. stearothermophilus e up-and down movements have been shown to be dependent on the ATP concentration, whereby ATP at a concentration of 1 mM binds to e, leading to an e c state [32] [33] [34] . However, ATP does not bind to e at a lower concentration (0.1 mM), and moves into the e e -and inhibitory state. Such up-movements could not be observed in the recent C. thermarum F 1 -ATPase structure in which a mutated e subunit was generated, but was unable to bind ATP [14] . In addition, Mte does not bind ATP [6] and Ece binds ATP with a K D of about 20 mM [13] . The question arising is, whether ATP-binding may be a regulatory effector under physiological ATP concentrations or whether ATP may regulate the e-states in a species dependent manner.
The presented data provide also new insights into the binding of the drug BDQ, known to inhibit ATPase activity [23] and ATP synthesis [19, 20] . The drug has been shown to bind with its dimethylamino moiety to residue E65 and sitting with its quinoline moiety on the F69 platform of the mycobacterial c-ring [2] . Like the inhibitor DCCD, which binds to the catalytic b subunits of F 1 [35] and the c subunit of F 0 [36] , we demonstrated in vitro [6] and in vivo [18] that BDQ does also bind to the mycobacterial e subunit. The multitude of aromatic, hydrophobic, and hydrogen bonding interactions of BDQ with Mte shown in Fig. 7A include amino acids R13, S14, I15, W16, and S17 (mainly belonging to the A10-W16 epitope), residues K59 and L61 (which are part of the L61-A64 epitope), and the critical F86 of the hinge region of the A81-I90 epitope. As discussed above, these three epitopes are shown to have interdomain interactions and enable the transfer of conformational alterations between the three epitopes, thereby regulating the up-and down movements of the CTD. The importance of the A10-W16 epitope and in particular W16 in BDQ-binding is nicely confirmed by recent intrinsic tryptophan fluorescence experiments [6] and substitution of the same residue to an alanine, which changed BDQ susceptibility in vivo [18] . This novel insight into BDQ-binding to Mte is a new starting point to fine tune the effect of BDQ and thereby the blocking of coupling events for ATP synthesis in the TB drug target F-ATP synthase [19] .
Materials and methods

Biochemicals
Kapa HiFi DNA polymerase was purchased from KAPA Biosystems (Wilmington, MA, USA) and Ni 2+ -NTA chromatography resin was obtained from Qiagen (Hilden, Germany). Enzymatic digestion was performed using restriction enzymes from New England BioLabs (Singapore). Chemicals from Bio-Rad (Singapore) were used for SDS/PAGE. All other chemicals of analytical grade were obtained from Biomol (Hamburg, Germany), Merck (Darmstadt, Germany), Sigma, or Serva (Heidelberg, Germany).
Cloning, production, and purification of Mte and its mutant Mte Subunit e of the M. tuberculosis F-ATP synthase consists of 121 residues. The construct containing atpC, which codes for subunit Mte was made as described in Ref. [6] . A construct without the very terminal amino acid D121 (Mte 1-120 ) was generated by amplifying the respective gene part of atpC. Plasmid DNA encoding for atpC was used as a template. NcoI and SacI restriction sites were introduced in the forward and reverse primers, respectively: forward GAGTTGTCCCATGGCCGAATTGAAC and reverse GATCCGAGCTCTTAGATCGCGCCG.
To produce the recombinant His-tagged Mte as well as Mte 1-120 , liquid cultures were incubated in kanamycin-positive (30 mgÁmL À1 ) LB medium at 37°C with shaking of 180 rpm, until an optical density OD 600 of 0.6-0.7 was achieved. Production of both proteins was obtained by adding of isopropyl (thio)-b-D-galactopyranoside (IPTG) to a final concentration of 1 mM. Following overnight incubation at 15°C, the cells were harvested at 8500 g for 13 min, 6°C. Subsequently, they were lysed on ice by sonication for 3 9 1 min in buffer A (50 mM Tris/HCl, pH 8.5, 200 mM NaCl, 2 mM phenylmethane sulfonyl fluoride (PMSF), and 2 mM Pefabloc SC (4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride) (BIOMOL)) and 10% glycerol. Precipitated material was separated by centrifugation at 10 000 g for 35 min. The supernatant was filtered (0.45 lm; Millipore, Singapore). This was passed over a 1.5 mL Ni 2+ -NTA resin column to isolate Mte and Mte 1-120 , according to Gr€ uber et al. [37] . The His-tagged proteins were allowed to bind to the matrix for 1.5 h at 4°C and eluted with an imidazole-gradient (0-400 mM) in buffer A.
Fractions containing Mte or Mte 1-120 was applied on an ion-exchange column (Resource TM Q column, 6 mL; GE Healthcare, Singapore). The proteins were separated by a salt gradient using buffer A (50 mM Tris/HCl (pH 8.5), 10% glycerol) and -B (50 mM Tris/HCl (pH 8.5), 1 M NaCl and 10% glycerol). The flow-through included the recombinant proteins, whereby the contaminants bound to the column. Mte or Mte 1-120 was concentrated using Centricon YM-3 (3 kDa molecular mass cut-off) spin concentrators (Millipore) and subsequently applied on a gel filtration chromatography column (Superdex 75 HR 10/30 column; GE Healthcare). The eluting buffer consisted of 50 mM Tris/HCl (pH 8.5), 200 mM NaCl and 10% glycerol. In the case of producing 15 N-and 13 C-15 N-labeled Mte and its mutant Mte 1-120 for NMR spectroscopy, freshly transformed E. coli BL21 (DE3) cells were plated on LB Kan agar, from which a single colony was selected to prepare a 15 mL LB seed culture. After overnight growth, the culture was centrifuged at 3000 g for 5 min at 4°C to pellet out the cells. The cells were washed and subsequently suspended in 1 L M9-minimal media supplemented with MgSO 4 , CaCl 2 , thiamine, FeCl 3 , trace elements and kanamycin.
The plasmid containing the a chi bc genes [26] was used as a template for site-directed mutagenesis and to generate the mutant (a chi -S400C) 3 b 3 c. The entire plasmid (pET-24b vector) was amplified by KAPA HiFi DNA polymerase (KAPA Biosystems) using forward 5 0 -CGCCCAATT CGGCTGCGACCTCGATAAA-3 0 and the reverse primer 5 0 -TTTATCGAGGTCGCAGCCGAATTGGGCG-3 0 . The amplified PCR product was purified and DpnI digestion was performed to digest the methylated parental plasmid. After DpnI digestion the PCR product was purified and transformed into E. coli TOP10 cells. Plasmids carrying verified clones were isolated and transformed into the E. coli DK8 cells. The cells producing the mutant were cultivated in 2YT medium, supplemented with 30 lgÁmL [23] ). The solution shape of a chi (green sphere) [26] was superimposed on to the Gsa structure (16) (green) and the NMR solution structure of the C-terminal peptide Mta 521-540 (green) [26] was placed in the extra density of the SAXS-shape. The Mte (magenta) inside the a chi 3 b 3 c-complex was modeled to have extended MteCTD. The residues showing higher R2/R1 values than standard deviation in the 15 N relaxation data of Mte (Fig. S2) are shown in blue and the residues, which make polar interaction with these highly dynamic residues, are shown in light blue. The unique mycobacterial c-loop [57] , which is in vicinity to the M. phlei c-ring (wheat; PDB ID: 4V1G [2] ), was inserted in the Gsc (red). For clarity, the b-subunits are not shown. At 0°rotation, helix-2 residues D121, R115 and R113 of MteCTD come in close proximity to the so-called C-terminal 'DELSEED'-region of two of the a-subunits, and V117 contributing for a few weak interactions. (inset; left) A closer look at the interaction of the M. phlei c-ring residues with mycobacterial c-loop [5] and MteNTD residues with subunit c. Amino acid E48 of the c-ring might interact with E169, D170, Q171, or R172 residues of the mycobacterial c-loop. Moreover, in the model, the dynamic residue D12 of MteNTD has hydrogen bonding interaction with S41 of the N-terminal helix of subunit c, and F69 of MteNTD might have hydrophobic interaction with V215 of the C-terminal helix of c. (inset; right) The network of interactions that is proposed to be involved in the coupling events between the MteNTD and the M. phlei c-ring residues, and the up-down movement of MteCTD. The proximity of F24 and/or K21 of MteNTD with R45 and Q46 and/or E48 of the c-ring might communicate the rotational movement derived by ion transport to MteNTD. The dynamic residues V51-V53, L61-A64, I8-A10, D12-N14, W16, and E85, which are connected by network of polar interaction, would further transfer the structural variation to the hinge region (F86, G87-I90), that would facilitate the up-and down movement of MteCTD. The blue arrow represents the proposed spring action of the MteNTD. For clarity the c-subunit is not shown.
kanamycin, and protein production was induced by the addition of IPTG (1 mM) at an OD 600 = 0.6, and cultivated at 37°C.
In order to isolate and purify the His 10 -(a chi -S400C) 3 b 3 c mutant, the cells were re-suspended in lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 2 mM PMSF, 2 mM Pefabloc SC and 0.8 mM DTT) and thereafter, lysed on ice by sonication for 4 9 1 min. Precipitated material was separated by centrifugation at 14 500 g for 35 min. Supernatant was filtered through a 0.45 lm syringe filter (Millipore). Filtrate containing the His-tagged protein was then incubated with 3 mL Ni 2+ -NTA resin, which was equilibrated with lysis buffer on an orbital shaker in duration of 1.5 h at 4°C. After incubation, the recombinant protein was eluted with an imidazole-gradient (0-600 mM) in an identical buffer as the lysis buffer. Fractions containing His-tagged-(a chi -S400C) 3 b 3 c were pooled and diluted with buffer A to 50 mM NaCl and applied on an ion-exchange column (Resource TM Q column, 6 mL; GE Healthcare) with buffer B containing 50 mM NaCl. A step gradient was performed, starting from 50 mM NaCl, and the recombinant protein was eluted at 250 mM NaCl.
NMR spectroscopy data acquisition and assignments
Samples for NMR experiments contained 0.3-0.5 mM protein in 50 mM Tris, pH 7.5, 200 mM NaCl, 10% glycerol, 0.01% NaN 3 , and 10% or 100% D 2 O. Conventional 2D and 3D heteronuclear NMR data were collected using uniformly 15 N-and 13 C/ 15 N-labeled samples. In all practical cases, 3D triple resonance spectra were recorded in nonuniform sampling (NUS [38] ) of the indirect dimension as 20-25% sampling rates and reconstructed using compressed sensing (CS) scheme with the MDDNMR software [39, 40] .
All NMR experiments were performed on Bruker Avance 600-and 700-MHz spectrometers equipped with a cryoprobe at 293 K. Assignments of the protein backbone 15 N, 1 N-NOESY-HSQC spectrum. Dihedral angle (phi, psi) restraints were also calculated from chemical shifts using TALOS+ and hydrogen bond restraints were obtained based on the protein structure during structure calculations. NOE cross-peaks on NOESY spectra were classified based on their intensities and were applied with an upper distance limit of 3.0 A (strong), 4.0 A (medium), 5.0 A (weak) and 6.0 A (very weak), respectively. An additional 0. 5 A was added for NOEs that involved methylene and methyl groups. A total of 1000 conformers were generated as initial structures by CYANA 2.1 [43] from 2435 NOE and 185 backbone dihedral angle constraints. After calculation, initial conformers were sorted by target function values and the lowest 500 conformers were selected for further refinement using CNS 1.2 [44] . 98 backbone hydrogen bonds were identified on the basis of initial structures and included in the final stage of the calculation. The final structure was refined using a simulated annealing protocol with a combination of torsion angle space and cartesian coordinate dynamics [45] as described previously. Finally, 19 structures were selected by their total energy values for display and structural analysis.
MOLMOL [46] and PYMOL programs [47] were used for structure visualization and PROCHECK-NMR [48] . The 19 NMR ensemble and restrained energy minimized structure have been deposited in the Protein Data Bank with the PDB ID: 5YIO.
NMR relaxation measurements of Mte
To study the dynamic behavior of Mte, 15 N-NOE spectra were recorded with and without 5 s of 1 H proton saturation. The relaxation rates and error estimation were determined using Sparky and the relaxation data were analyzed and fitted to model-free equation using TENSOR2 [50] . The predicted value of NMR parameters such as the average tumbling correlation times (s c ) were estimated using HYDRONMR software [21] for Mte, MteNTD and -CTD, respectively.
In silico molecular docking
The presented NMR structure of Mte indicated a hydrophobic patch covering the residues I15, W16, L61, I63, and F86 (Fig. 4) , which was affected due to BDQbinding in the NMR HSQC-titration experiment [6] . Therefore, docking studies were carried out between BDQ and the NMR structure of Mte. The three-dimensional structure of BDQ was retrieved from the ZINC-database [51] and docked at the defined hydrophobic site using AutoDock Vina [27] . AutoDock Vina treats the docking as a stochastic global optimization of the scoring function, precalculating grid maps and the interaction between every atom type pair at every distance. It uses the BroydenFletcher-Goldfarb-Shanno (BFGS) method [27] for the local optimization. The top 50 protein-ligand complex models scored based on the weighted sum of steric interactions, hydrophobic interactions and hydrogen bonding were analyzed. The best model with the highest scoring that corresponds to the NMR HSQC-titration study was selected for further analysis. The model was visualized using PYMOL [47] and the interactions profile was represented using LIGPLOT [52] .
Genetic manipulation of atpC in M. smegmatis mc 2 155
To test the importance of the very C-terminal residue D121 of Mte, we deleted this amino acid by changing the corresponding codon in the genome of M. smegmatis mc 2 155 (ATCC 700084) to a stop codon. Site-directed, oligonucleotide-based genome mutagenesis was carried out as described previously [23] . The double stranded DNA oligonucleotide GCGGACCGCGGCATGGGGCCGGGCG CGGCTGCGCGCCCTCGGCCAGATCTAGTAGTCACA TCGATGAGCGCGTCCATGATCGGCATGGTCGCGCT CATCG (Integrated DNA Technologies, Singapore) was used to introduce the mutation into codon 121 of the atpC gene, and the introduced mutation was verified by sequencing (AIT Biotech, Singapore). The W16 mutant has been generated as described recently [18] .
Preparation of inverted membrane vesicles from M. smegmatis
In order to purify IMVs of M. smegmatis for ATP synthesis, -hydrolysis and proton pumping assays, cells were cultivated overnight at 37°C in 7H9 supplemented with 10% ADC, 0.5% glycerol, and 0.05% Tween80 until it reached OD 600 0.6-0.7. The culture was expanded in 200 mL supplemented 7H9 and grown in 1 liter shake flasks (180 rpm) until OD 600 0.6-0.7. This culture was used to inoculate a 500 mL culture that was grown overnight in 2 L shake flasks (180 rpm) until an OD 600 of 0.6-0.7. About 5 g (wet weight) of WT M. smegmatis and mutant e 1-120 were resuspended in 20 mL membrane preparation buffer (50 mM MOPS, 2 mM MgCl 2 , pH 7.5) containing EDTA-free protease inhibitor cocktail (one tablet in 20 mL buffer; Roche, USA) and 1.2 mgÁmL
À1
lysozyme respectively. The suspension was stirred at room temperature for 45 min and additionally supplemented with 300 lL 1 M MgCl 2 and 50 lL DNase I (Thermo Fischer, Singapore), and continued stirring for another 15 min at room temperature. All subsequent steps were performed on ice. Cells were broken by three passages through an ice precooled Model M-110L Microfluidizer processor (M-110L) at 18 000 psi. The suspension containing lysed cells was centrifuged at 4200 g at 4°C for 20 min. The supernatant containing membrane fraction was further subjected to ultracentrifugation 45 000 g at 4°C for 1 h. The supernatant was discarded and the precipitated membrane fraction was resuspended in membrane preparation buffer containing 15% glycerol, aliquoted, snap frozen, and stored at À80°C. The concentrations of the proteins in the vesicles were determined by the BCA method. IMVs were stored at À80°C.
ATP hydrolysis activity measurements
A continuous ATP hydrolysis assay was applied to measure the ATPase activity of IMVs [5] . In brief, samples were added at 37°C to 1 mL of a reaction mix, containing 25 mM Hepes (pH 7.5), 25 mM KCl, 5 mM MgCl 2 , 5 mM KCN, 2 mM phosphoenolpyruvate, 2 mM ATP, 0.4 mM NADH, 30 U L-lactic acid dehydrogenase, and 30 U pyruvate kinase. The absorbance at 340 nm was observed with a spectrometer for 5 min. In the case of IMVs the consumption of NADH by the type II NADH dehydrogenase (NDH-2) was inhibited by thioridazine. In addition, ATPase activity of IMVs was also measured in the absence of ATP and presence of thioridazine to identify any slight background oxidation of NADH, and to determine the amount of MgATP hydrolyzed per minute and total protein.
ATP synthesis assay
ATP synthesis was measured in a flat bottom white microtiter 96 well plates (Corning, Singapore). The reaction mix (50 lL), made in assay buffer (50 mM MOPS, pH 7.5, 10 mM MgCl 2 ) containing 10 lM ADP, 250 lM P i and 1 mM NADH. The concentration of P i was adjusted by addition of 100 mM KH 2 PO 4 salt dissolved in the assay buffer. ATP synthesis was initiated by adding IMVs of WT M. smegmatis, and its mutants to a final concentration of 5 lgÁmL
À1
. The reaction mix was incubated at room temperature and aliquots of 50 lL were transferred to a 96 well plate at t = 0, 2, 5, 10, 15, 20, 15, and 30 min, followed by the addition of 50 lL of the luciferin-luciferase assay (Promega, Singapore). The mixture was incubated for another 10 min in dark at room temperature. Produced luminescence, which was correlated with the synthesized ATP, was measured by a Tecan plate reader Infinite 200 Pro (Tecan, Singapore), using the following parameters: luminescence, integration time 500 ms, attenuation none.
Assay for ATP-driven proton translocation
ATP-driven proton translocation into IMVs of M. smegmatis with WT F-ATP synthase, the e 1-120 -or the e(W16A) mutant was measured by a decrease of ACMA fluorescence using a Cary Eclipse Fluorescence spectrophotometer (Varian Inc., Palo Alto, CA, USA) [22, 23] .
Bacterial strain and cultivation M. smegmatis mc 2 155 (ATCC 700084) was grown at 37°C
with agitation in Middlebrook 7H9 broth supplemented with 0.5% bovine albumin, 0.2% glucose, 0.085% NaCl, 0.5% glycerol, 0.0003% catalase, and 0.05% Tween80 as described previously [23] .
Quantification of intracellular ATP
The BacTiter-Glo Microbial Cell Viability Assay (Promega) was employed to measure the ATP levels according to the manufacturer as described previously [24] . A 25 lL volume of samples was mixed with an equal volume of the BacTiter-Glo reagent in 96-well white opaque Nunc plates. Luminescence was measured after 5 min of incubation in the dark (Tecan Infinite M200 Pro).
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